The spin-1/2 square-lattice Heisenberg model is predicted to have a quantum disordered ground state when magnetic frustration is maximized by competing nearest-neighbor J1 and next-nearest-neighbor J2 interactions (J2/J1 ≈ 0.5). The double perovskites Sr2CuTeO6 and Sr2CuWO6 are isostructural spin-1/2 square-lattice antiferromagnets with Néel (J1 dominates) and columnar (J2 dominates) magnetic order, respectively. Here we characterize the full isostructural solid solution series Sr2Cu(Te1-xWx)O6 (0 ≤ x ≤ 1) tunable from Néel order to quantum disorder to columnar order. A spin-liquid-like ground state was previously observed for the x = 0.5 phase, but we show that the magnetic order is suppressed below 1.5 K in a much wider region of x ≈ 0.1-0.6. This coincides with significant T-linear terms in the lowtemperature specific heat. However, density functional theory calculations predict most of the materials are not in the highly frustrated J2/J1 ≈ 0.5 region square-lattice Heisenberg model. Thus, a combination of both magnetic frustration and quenched disorder is the likely origin of the spin-liquid-like state in x = 0.5.
I. INTRODUCTION
Square-lattice antiferromagnets (AFMs) can be described using the Heisenberg J1-J2 model with two interactions: nearest neighbor J1 (NN; side of the square) and next-nearest neighbor J2 (NNN; diagonal of the square). The phase diagram of the model is shown in Fig. 1a remain dynamic and do not order even at absolute zero [3] [4] [5] . The QSL state on the square lattice is predicted to occur in a narrow parameter range between J2/J1 ≈ 0.4-0.6, where the magnetic frustration due to competing antiferromagnetic J1 and J2 interactions is maximized [6] [7] [8] . A limited number of model compounds that realize the S = 1/2 square-lattice Heisenberg model are known [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , but none of them are in the spin liquid region of the phase diagram (Fig. 1a) .
Recently, B-site ordered A2B'B''O6 double perovskites Sr2CuTeO6 and Sr2CuWO6 were shown to be near-ideal realizations of the S = 1/2 square-lattice J1-J2 model with highly twodimensional magnetic interactions [20] [21] [22] [23] . These two compounds are unique among the known J1-J2 model compounds, because they are isostructural yet on the opposite sides of the phase diagram: the magnetic ordering is Néel type in Sr2CuTeO6 (J2/J1 = 0.03) and columnar in Sr2CuWO6 (J2/J1 = 7.92) [22] [23] [24] [25] . The crystal structure is tetragonal with a rocksalt ordering of B'
(Cu 2+ ) and B'' (Te 6+ /W 6+ ) sites [26] [27] [28] O-Cu (J2) superexchange, which is not possible with the 4d 10 Te 6+ cations which favor J1 22, 29, 30 . As a result, the two compounds are in different regions of the J1-J2 phase diagram despite being isostructural.
The solid solution Sr2Cu(Te1-xWx)O6 is a unique system for studying frustrated squarelattice antiferromagnetism as it can be tuned from Néel (x = 0) to columnar order (x = 1) by varying the composition. Additionally, the similar size of Te 6+ and W 6+ cations means that little change is expected in the crystal structure 31 . Very recently, we showed that Sr2Cu(Te0.5W0.5)O6 (x = 0.5) has a spin-liquid-like ground state 32 , which exhibits many of the properties of the QSL state: magnetism was found to be entirely dynamic down to 19 mK and a plateau was observed in the low-temperature muon spin relaxation rate. Moreover, the magnetic specific heat showed a strong T-linear relationship at low temperatures indicating gapless excitations 32 . Here we investigate the properties of the full solid solution series Sr2Cu(Te1-xWx)O6 (0 ≤ x ≤ 1). Our magnetic susceptibility measurements suggest a maximum in frustration near x ≈ 0.4-0.5, whereas low-temperature specific heat measurements show a T-linear term typical of QSLs or spin glasses in a wide composition range of x ≈ 0.1-0.7. Similarly, muon spin relaxation and rotation measurements reveal that magnetic order is significantly suppressed not only in x = 0.5 but for x ≈ 0.1-0.6. Whether the QSL-like state of x = 0.5 occurs for this entire composition range or another ground state such as spin glass forms is not known at this time. Density functional theory (DFT) calculations suggest a crossover from Néel (J2/J1 < 0.5) to columnar (J2/J1 > 0.5) region occurs already at x ≈ 0.2 placing most samples in the columnar region. Thus, magnetic frustration from competing interactions on its own does not explain the suppression of magnetic order in this system: a combination of both magnetic frustration and quenched disorder is required. The synthesis temperature was of special importance on the Te-rich side (x < 0.5), as too high a temperature was found to result in the formation of an unknown impurity phase with main reflections at 2θ (Cu Kα1) 30.56° and 30.76°. At the same time, the synthesis temperature needed to be high enough to form a well crystallized double perovskite phase. We found no positive effect from using excess TeO2 in contrast to an earlier report on Sr2CuTeO6 27 .
II. EXPERIMENTAL DETAILS
Phase purity and crystal structure of the samples were analyzed by powder x-ray diffraction (Panalytical X'Pert Pro MPD, Cu Kα1 radiation). Rietveld refinements were carried out using FULLPROF software 42 . Line broadening analysis was performed as described in ref. 43 . Instrumental broadening was determined with a LaB6 standard (NIST SRM 660b). The crystal structures were visualized using VESTA 3 44 .
Magnetic properties were measured with a Quantum Design MPMS XL magnetometer.
The samples were measured in gelatin capsules placed inside plastic straws. Magnetic We have previously shown that our computational approach works well for Sr2CuWO6 and gives a good estimate of the exchange coupling constants 23 . The calculations were carried out with the full-potential linearized augment plane-wave ELK code 45 using the the generalized gradient approximation functionals by Perdew, Burke and Ernzerhof 46 . Electron correlation effects of the 3d copper orbitals were included with a DFT+U approach using the fullylocalized limit double counting correction 47 . We used a Hubbard U value of U = 8 eV typical of copper [47] [48] [49] (with Hund's rule coupling J = 0.9 eV corresponding to Ueff = 7.1 eV), which was also the optimal value for Sr2CuWO6 23 . The calculations were carried out using 2 x 2 x 1 supercells with ferromagnetic, Néel or columnar antiferromagnetic order 23 . The experimental crystal structures were used without lattice relaxation. Only one supercell was used for each composition with an equal number of Te and W nearest neighbors for x = 0.5 (Supplemental Material 50 ). We used a k point grid of 4 x 4 x 6 and a plane-wave cut-off of |G + k|max = 8/RMT a.u.
-1 , where RMT is the average muffin-tin radii.
III. RESULTS

A. Crystal structure
We were able to synthesize the full solid solution series Sr2Cu(Te1-xWx)O6 (0 ≤ x ≤ 1) using a conventional solid state reaction method. Powder x-ray diffraction revealed the samples to be of high quality with trace quantities (less than 1%) of a SrWO4 impurity. cations appear fully ordered, but there is no sign of Te 6+ and W 6+ ordering on the B'' site consistent with our previous report on x = 0.5 32 . The structural disorder on the B'' cation site, which determines whether J1 or J2 dominates, inevitably leads to some quenched disorder in the magnetic interactions between the Cu 2+ sites.
B. Magnetic properties
Magnetic susceptibility in all samples features a broad maximum (Fig. 2a) . While the end members Sr2CuWO6 and Sr2CuTeO6 order antiferromagnetically, the Néel temperatures cannot be determined from the susceptibility as no cusp is observed 21, 24 . The broad maximum is expected behavior for a J1-J2 model square-lattice antiferromagnet. It can be characterized by its position Tmax and height χmax. Theoretical studies on magnetic susceptibility in the J1-J2 model as a function of J2/J1 indicate that Tmax should have a minimum at J2/J1 = 0.5 and a χmax should have a maximum at the same J2/J1 ratio 51, 52 . We see a similar effect in Sr2Cu(Te1-xWx)O6 (Fig. 2b ): Tmax has a minimum at x ≈ 0.4-0.6 whereas χmax has a maximum at x ≈ 0.4, see Table I . This suggests that the magnetic frustration is at its highest near x ≈ 0.4-0.5. As we have previously shown, x = 0.5 has a spin-liquid-like ground state 32 . 
Curie-Weiss law χ = C/(T-Θcw).
The data were fitted in the temperature range 250-300 K. As shown in Table I, 
C. Specific heat
Specific heat of selected samples is shown in Fig. 3a . No lambda anomalies expected for long-range magnetic ordering at TN are observed in any of the samples. The main differences between the samples are in the low-temperature specific heat. In order to evaluate the temperature dependence we plot the reduced low-temperature specific heat as a function of T 2 (Fig. 3b) . A strong T-linear γ term in specific heat is expected for a QSL. This T-linear term is related to excitations of highly entangled spins. For x = 0, 0.9 and 1 the reduced specific heat approaches zero with decreasing temperature. This lack of a T-linear term is expected behavior in long-range ordered antiferromagnetic insulators. For the other samples (x = 0.1-0.8) we observe behavior indicating a T-linear term, but at very low temperatures some differences are observed. In x = 0.7 and 0.8 the reduced specific heat has an additional small downturn at very low temperatures, suggesting that the T-linear γ term could be significantly smaller or even zero in these samples. In the x = 0.1-0.6 samples the reduced specific heat either remains linear or has a slight up-turn at very low temperatures.
The specific heat data below 10 K were fitted using the function Cp = γT + βDT 3 , where
Cp is the specific heat, γ is the electronic T-linear term and βD is the phononic term. We previously found very small γ terms for Sr2CuTeO6 and Sr2CuWO6, but a significant one for x = 0.5, which is typical for gapless spin-liquid-like states 54 and spin glasses 55 . For the full series we find a significant γ term at a very wide composition range of x = 0.1-0.7 (Fig. 3c ).
This result suggests that the spin-liquid-like state could be present in a wide composition range, although a spin glass ground state cannot be ruled out for compositions other than x = 0.5. The largest electronic contribution occurs at x = 0.5 in line with the magnetic susceptibility results.
D. Muon spin rotation and relaxation
Zero-field (ZF) µSR on Sr2CuWO6 (x = 1) has been reported to exhibit spontaneous rotation signals revealing long-range magnetic order below TN = 24 K with a single rotation frequency following a typical temperature dependency curve 21 . Our ZF spectra for x = 0.9, The observation of Bessel-shaped rotation signals is typical for a wide distribution of frequencies and is typically met in materials with incommensurately modulated spin structures. 56, 57 The derived internal fields Bi are corresponding to the maximum cut-off frequencies fi of the frequency distribution. In our present case, we use Bessel-shaped rotation signals simply as a heuristic approximation to a complex distribution. A more detailed description of analysis and discussion will be given elsewhere. For the present considerations, we restrict ourselves to a qualitative discussion of the µSR data. In Fig. 4d we compare the temperature dependent local fields Bi obtained for x = 0.9 with those of x = 1 from ref. 21 . It is clear that the ordering temperature and local fields are reduced for x = 0.9 compared to x = 1. This is further seen in the local fields derived for x = 0.8 and 0.7 shown in the Supplemental While the transverse damping for x = 0.8 and 0.9 is strong below the magnetic ordering temperature due to static field distributions, the longitudinal damping affecting only the 1/3 "tail" is nearly vanishing as expected for static magnetic order. The behavior of the x = 0.7 sample is different: from the spectrum in Fig. 4c we can see that Gz(t) is clearly decreasing below 1/3 at long times (measured up to 9 µs, not shown in the figure), i.e. there is considerable longitudinal damping due to fluctuating local fields. We interpret this as the partial presence of dynamic short-range order.
Further support for the suppression of magnetic order can be traced from the wTF experiments. In the paramagnetic regime the applied magnetic field leads to rotation signals with an asymmetry that corresponds to Apara = Atot. When entering the magnetically ordered regime the randomly acting local fields in polycrystalline material will be much stronger than the weak applied field and lead to very strong damping of the oscillating signal from the For all other concentrations x = 0.1-0.6 we could not trace a reduction of asymmetry under wTF down to 1.5 K (for x = 0.5 down to 19 mK as reported in ref. 32 ). ZF spectra (Fig.   4f ) show no indications of spontaneous muon spin rotation and longitudinal damping stays finite confirming a paramagnetic state down to the lowest temperatures measured for these compositions x. All ZF spectra reveal nearly identical depolarization except for the x = 0.6 sample, which has a clearly faster decay of asymmetry. Depolarization from nuclear dipolar fields is expected to be similar for all compositions x, therefore the reason has to lie in an additional dynamic contribution to relaxation. Whether this is caused by a close-lying critical point or the development of a small order parameter with an eventual spin-glass-like depolarization needs further experimental investigation.
F. Density functional theory calculations
One of the main questions in understanding the origin of the spin-liquid-like state is the position of the materials in the J1-J2 phase diagram, i.e. whether they are in the Néel, columnar or highly frustrated region. We utilized ab initio density functional theory calculations to evaluate the relative stability of Néel and columnar orderings in Sr2Cu(Te1-xWx)O6. This is an extension of our previous DFT work on Sr2CuWO6 23 . It should be noted that the structural disorder on the Te/W B''-site is not included in the DFT calculations as they require a periodic system.
The Néel and columnar type orders are more stable than the ferromagnetic order for all compositions, see Supplemental Material 50 . This shows that both J1 and J2 are antiferromagnetic, and that there is magnetic frustration. In Fig. 5 we show the relative stability of Néel order compared to columnar order as a function of x in Sr2Cu(Te1-xWx)O6.
As expected, at x = 0 Néel order is clearly favored and at x = 1 columnar order is clearly We also observe modest Te 5p -O 2p hybridization in x = 0, which is in agreement with a previous DFT study on Sr2CuTeO6 29 . In x = 0.5 we see both effects with significant W 5d 0 -O 2p hybridization and modest Te 5p -O 2p hybridization.
IV. DISCUSSION
A schematic phase diagram for Sr2Cu(Te1-xWx)O6 based on the μSR results and previous literature 24, 25, 32 is presented in Fig. 6 . Néel order is significantly suppressed already at x = 0.1 in accordance with the DFT results. On the W-rich side, TN is gradually suppressed from 24 K at x = 1 to 7 K at x = 0.7. This is consistent with the DFT results, which predict that columnar antiferromagnetic order is very stable when x = 0.75-1. Of most importance is the wide frustrated region x = 0.1-0.6, where no magnetic order is observed at the lowest temperatures measured. These samples also have significant T-linear terms in the lowtemperature specific heat as expected in a gapless QSL or a spin glass. We previously showed that x = 0.5 has a spin-liquid-like ground state with dynamic magnetism down to 19 mK. Our μSR evidence for a QSL-like state in the wider x = 0.1-0.6 region is not conclusive, as we could only measure down to 1.5-1.8 K. Consequently, we are not able to show a plateau in the muon spin relaxation rate expected in a QSL for these compositions and a spin glass ground state cannot be ruled out. The suppression of magnetic order in such a wide composition range does, however, indicate that the origin of the spin-liquid-like state is linked to both magnetic frustration and quenched disorder in the material.
The role of quenched disorder, inevitably present in a real material, is a non-trivial question in spin liquid physics 4 . Furukawa et al. 33 were able to induce a gapless spin liquid state in an organic triangular-lattice Cu 2+ salt by introducing disorder. Irradiation with x-rays created defects and disorder that drove the material from a magnetically ordered state into a spin liquid 33 . Disorder-induced spin liquid states were also observed in non-Kramers ion pyrochlores Pr2Zr2O7 and Tb2Hf2O7 [34] [35] [36] . In comparison to these three compounds, the Sr2Cu(Te1-xWx)O6 series has even more quenched disorder due to being a solid solution.
Theoretical calculations by Kawamura and coworkers [37] [38] [39] [40] 
